Purpose-To examine whether adaptations in physical activity energy expenditure (PAEE) and resting metabolic rate (RMR) during weight loss were associated with future weight regain in overweight/obese, older women.
INTRODUCTION
Obesity is a major risk factor for several chronic diseases and health problems and the health benefits of weight reduction for obese/overweight persons are clear (15) . Both behavioral and pharmacologic treatments for obesity are successful in eliciting weight loss in most individuals for short periods of time (7, 8) . However, nearly all overweight/obese people have difficulty maintaining weight loss. In most persons, one third to two thirds of their lost weight will be regained within the first year, and that the rate of regain does not diminish as time elapses, with an estimated 66% of lost weight regained within 2 years and 95% regained within 5 years (16, 35) .
Obesity is the result of a consistent surplus of energy intake over energy expenditure (EE), therefore, weight regain must result from a gradual excess of energy intake relative to energy expended. Daily EE is comprised of resting EE (or resting metabolic rate, RMR), thermic effect of feeding (EE associated with digestion, absorption, and storage of food), and physical activity EE (PAEE), which includes both purposeful exercise and non-exercise activity EE (2) . PAEE is the most variable component among different individuals and, as such, can potentially play an important role in preventing weight gain, as well as in maintaining weight loss (4, 5 , 30 ,37) . Data from longitudinal cohort studies show that low levels of EE (both RMR and PAEE) are predictive of greater weight gain over time (3, 19 , 22 , 25 ,33) . In addition, observational data from the National Weight Control Registry show that individuals who are successful at long-term weight loss have higher levels of self-reported physical activity than those who regain their weight after weight loss (34) .
These available observational data suggest that low EE, and low PAEE in particular, is an important risk factor for subsequent weight gain, and, thus, may be important in predicting weight regain following weight loss. Importantly, both PAEE and RMR decrease during periods of negative energy balance, which is a potential undesirable consequence of weight loss treatments via hypocaloric dieting and/or exercise (11, 14 ,29) . A few weight loss intervention studies show that increases in self-reported physical activity after the intervention are associated with less weight regain during follow-up (10, 20) . However, to our knowledge, no study to date has examined whether the magnitude of weight regain after weight loss is associated with decreases in PAEE during a weight loss intervention, and only one study examined whether weight regain is associated with decreases in RMR during a weight loss intervention (17) . If weight regain is found to be associated with decreases in PAEE, this important information could be used to help design strategies to promote physical activity during weight loss to help mitigate future weight regain. Therefore, the purpose of this study was to examine whether adaptations in PAEE and RMR as a result of weight loss via a hypocaloric diet with or without exercise, are associated with future weight regain in overweight/obese, older women.
RESEARCH METHODS AND PROCEDURES

Participants
Participants in this study were women who volunteered to participate in a randomized clinical trial designed to determine the cellular mechanisms by which exercise intensity affects the loss of abdominal, compared to gluteal, adipose tissue under conditions of equal energy deficit in postmenopausal women with abdominal obesity. All women were recruited from the Piedmont Triad area of North Carolina and enrolled in the study based on the following inclusion/ exclusion criteria: 1) middle-aged and older (age = 50-70 years, and at least one year without menses), 2) overweight or obese (BMI = 25-40 kg/m 2 and waist girth > 88 cm), 3) nonsmoking, 4) not on hormone therapy, 5) sedentary (<15 min of exercise, 2 times/wk) in the past 6 months, and 6) weight-stable (< 5% weight change) for at least 6 months prior to enrollment. The study was approved by the Wake Forest University Institutional Review Board and all women signed an informed consent form to participate in the study according to the guidelines for human research.
Initial screening included a medical history review, physical examination, fasting blood profile (lipoprotein lipids and glucose) and 12-lead resting electrocardiogram. Participants with evidence of untreated hypertension (blood pressure >160/90 mmHg), hypertriglyceridemia (triglycerides > 400 mg/dl), insulin-dependent diabetes, active cancer, liver, renal or hematological disease, or other medical disorders were excluded. On a second screening visit, the participants underwent a graded exercise test to exclude those with an abnormal cardiovascular response to exercise. Additionally the maximal heart rate achieved during the graded exercise test was used in the determination of the appropriate exercise intensity.
A total of 41 eligible women (34% black, 66% white) were randomly assigned to participate in either a hypocaloric diet only (DIET; n=15), a diet plus low-intensity exercise (DIET+LO-EX; n=13), or a diet plus high-intensity exercise (DIET+HI-EX; n=13) intervention for a period of 20 weeks. Following the 20-week weight loss intervention, women returned for follow-up visits 6-and 12-month later. No intervention or contact with the participants was provided during the follow-up period. We report here data on PAEE, RMR and weight regain from a subset of 34 women (DIET, n=11; DIET+LO-EX, n=12; DIET+HI-EX, n=11) who completed the 20-week weight loss intervention and both follow-up visits at 6-and 12-months following intervention. Among those who did not finish follow-up visits, 2 were ill, 1 moved out of the area, 2 had schedule conflicts, and 2 had no specific reason.
Study intervention
Upon entry into the study, all women completed a 4-day food record, which was used as an initial measure of dietary habits. Individual energy needs were calculated from RMR directly measured via indirect calorimetry, and applying an activity factor based on each woman's description of her daily activities (typically 1.3 for sedentary women). The calorie deficits of all women were adjusted to ~11760 kJ/week (~1680 kJ/day). The deficits for the diet only group resulted totally from reduction in dietary intake, whereas deficits for the diet plus exercise groups resulted from both reductions in dietary intake (~10080 kJ/week) and exercise energy expenditure (~1680 kJ/week).
All women were given food for their lunch and dinner, which was prepared and provided by the Wake Forest University General Clinical Research Center metabolic kitchen. These meals were prepared individually after women chose from a hypocaloric menu designed by the registered dietitian to provide a balanced, healthy diet. Calorie make-up of the diet was approximately 25% from fat, 15% from protein, and 60% from carbohydrate. In consultation with the dietitian, women purchased and prepared their breakfast meal from the same menu. They were asked to eat only the food that was given to them or that was approved from the breakfast menu. They were allowed two free days per month, where they were given guidelines for diet intake and asked to report their intake on those days. They were allowed to consume non-caloric, non-caffeinated beverages ad libitum. All women picked up their food twice a week and were asked to keep a log of everything they ate or drank. They were also provided with a daily calcium supplement to insure adequate calcium intake (1000 mg/day). The records were monitored weekly by the dietitian to verify compliance to the diet. The average daily calorie intake recorded by participants was 100.1±0.4% of the provided calorie level.
The exercise prescription involved center-based treadmill walking three days/week at a target heart rate calculated from the Karvonen equation [(HRR × (intensity))+resting heart rate] (9), where heart rate reserve (HRR) is maximal heart rate, obtained from each subject's graded exercise test, minus resting heart rate. The duration and intensity of the exercise prescription progressed from 15-20 min at 45-50% of HRR during the first week to 55 min at 45-50% HRR for the low-intensity exercise group or 30 min at 70-75% HRR for the high-intensity exercise group within eight weeks. Participants attended an average of 85.0% of the exercise sessions.
Measurements
Body composition-Height and weight were measured with shoes and jackets or outer garments removed before and after the 20-week intervention, and at 6-and 12-month followup visits. Lean body mass, fat mass, and percent body fat were measured by dual energy Xray absorptiometry (Hologic Delphi QDR, Bedford, MA) before and after the 20-week intervention.
Resting metabolic rate-RMR was measured before and after the 20-week intervention using indirect calorimetry following 10 or more hours of fasting. Participants were instructed not to participate in heavy physical activity 24 hours prior to the measurement. They were allowed to breathe freely through a face mask, while expired air was collected through a oneway valve and analyzed using a MedGraphics CCM/D metabolic cart (MedGraphics Inc., Minneapolis, MN). Participants rested quietly for 15-30 minutes before the collection of data and for an additional 30 minutes during which data were collected. During the measurement, steady state is defined as ± 5% in oxygen consumed and rate of exchange ratio. One participant was not able to achieve a steady state during their post-intervention resting metabolic rate test, so her RMR data were removed from analyses. For those in groups with exercise intervention, RMR was measured at least 48 hours after the previous exercise session.
PAEE-
The average daily PAEE of each woman was measured prior to the start of and during the final week of the 20-week intervention using a RT3 (StayHealty, Inc., Monrovia, CA) triaxial accelerometer. It is the size of a pager and is worn by clipping onto the waist. Participants were instructed to maintain their regular level of physical activity and to wear the monitor at all times for 5 to 7 days including weekends and weekdays except while bathing and sleeping. They wore the monitor for 6.5 ± 0.7 days at baseline and 5.6 ± 1.0 days at the end of the intervention. The RT3 was not used at the 6-or 12-month follow-up visits. Data were downloaded and average daily calories expended, PAEE, were calculated using the manufacturer's software.
Women in the exercise intervention groups wore the RT3 monitors during the 20 th week of intervention which included 3 prescribed exercise sessions each week. The energy expended during these structured exercise sessions were recorded for each woman from readings provided by treadmills and was subtracted from each woman's individual RT3-recorded PAEE for that week. Thus, the PAEE reported here only includes calories expended outside of the exercise program.
Self-reported physical activity-Self-reported physical activity during the follow-up was assessed using the Physical Activity Scale for the Elderly (PASE) (28, 28) . Data were collected post-intervention and at both follow-up visits. The scale measures the level of physical activity in older individuals, comprising self-reported occupational, household, and leisure activities during a one-week period. Data on reliability and validity have been reported (23, 26 , 26 -28 , 28). Higher scores indicate higher levels of physical activity.
Statistics
Statistical analyses were performed using SAS software, version 9.1 (SAS Institute, Cary, NC). Descriptive statistics were calculated and values are reported as means ± SDs. Analysis of variance including the treatment group × time interaction was used to compare means at the end of the weight loss intervention to means at baseline, and to compare means at the 6-month and 12-month visits to means at the end of intervention across the three groups. Pearson's correlations (or Spearman correlations for non-normally distributed data) between changes in body weight during follow-up and changes in PAEE and RMR during intervention, as well as changes in self-reported physical activity (PASE score) during follow-up were examined. In addition, multiple linear regression analyses were used to determine the correlations after individual adjustment for the amount of weight loss and treatment group. An alpha level of 0.05 was selected to denote statistical significance.
RESULTS
Changes in body weight/composition, maximum oxygen consumption, RMR and PAEE during weight loss
The average age of the 34 women was 58.6 ± 5.2 years. Body composition, relative and absolute maximum oxygen consumption (VO 2 max), and energy expenditure data at baseline and at the end of the 20-week weight loss intervention are shown in Table 1 by intervention group. No baseline differences were found among groups. Decreases in body weight, lean body mass, fat mass, and percent body fat were similar across all 3 groups (p>0.05 for group × time interactions). Although increases in relative VO 2 max were not statistically different among the 3 groups (p>0.05 for group × time interaction), the percent increases were highest in the DIET+HI-EX group and lowest in the DIET group. Absolute VO 2 max did not change after the intervention (p>0.05).
The interventions resulted in overall declines in both RMR and PAEE (p<0.0001) with no significant group differences (Table 1; p>0.05 for group × time interactions). Overall, changes in RMR ranged from −1445 to +752 kJ/day, with 27 of the 33 women having decreased values, and changes in PAEE ranged from −2310 to +487 kJ/day, with 31 of the 34 women having decreased values. However, RMR relative to lean mass remained unchanged (104.6 ± 14.2 and 104.4 ± 15.5 kJ/kg·day before and after intervention, respectively; p=0.960), and RMR relative to fat mass increased (140.6 ± 31.2 kJ/kg·day and 167.0 ± 51.6 kJ/kg·day before and after intervention, respectively; p< 0.001). In contrast, PAEE relative to lean mass decreased (45.5 ± 14.1 and 35.1 ± 11.3 kJ/kg·day before and after intervention, respectively; p<0.0001), and PAEE relative to body weight decreased (26.4 ± 8.3 and 22.0 ± 7.5 kJ/kg·day before and after intervention, respectively; p=0.0003). Table 2 shows the body weight changes at 6-and 12-months following completion of the weight loss interventions by treatment group. There were no group differences in the amount of weight regained at either 6-or 12-months (p>0.05 for group × time interactions). Overall, the average weight regain at 6 months was 2.9 ± 3.3 kg, ranging from −3.1 to +9.2 kg, with 26 of the 34 women regaining some (>0 kg) weight. A total of 31.5 ± 41.6% of the weight lost during intervention was regained by 6 months. At 12-months, the average weight regain was 5.2 ± 5.0 kg, ranging from −2.3 to +21.7 kg, with 28 of the 34 women regaining some (>0 kg) weight. A total of 51.4 ± 59.2% of the lost weight was regained by 12 months. The amount of weight regained at 6-and 12-months was not related to the amount of weight lost (r=0.267, p=0.128; and r=0.107, p=0.545, respectively).
Changes in body weight and self-reported physical activity during follow-up
Self-reported physical activity did not change during the 6 months of follow-up (PASE score: 156.0 ± 77.6 to 178.8 ± 95.5, p=0.132) or during the 12 months of follow-up (PASE score: 156.0 ± 77.6 to 181.9 ± 114.5, p=0.104).
Relationship of weight regain to changes in RMR and PAEE during weight loss, and selfreported physical activity during follow-up
Since there were no treatment group differences in changes in RMR, PAEE, or weight regain, we combined all groups to examine whether changes in PAEE and RMR during weight loss were associated with future weight regain. We found that weight changes from the end of intervention to 6-and 12-month follow-up visits were inversely correlated with changes in PAEE during intervention (r= −0.521, p=0.002, Figure 1a; and r= −0.404, p=0.018, Figure 1b , respectively), such that women with larger declines in PAEE during weight loss experienced greater weight regain during follow-up. The correlations between weight regain and PAEE changes were not different among groups (p>0.05 for group interactions after 6-and 12-month follow-up), and adjusting for treatment group did not significantly affect these relationships (6-month: r= −0.474, p=0.002; 12-month: r= −0.332, p=0.020). When we examined the correlations between weight regain and PAEE changes during weight loss in each group separately, a significant correlation was found in DIET+HI-EX group only (6-month: Spearman ρ= −0.83, p=0.002; 12-month: Spearman ρ= −0.94, p< 0.001). Additionally, the amount of weight regained at 6-and 12-month was still associated with changes in PAEE after adjusting for the amount of weight lost during intervention (6-month: r= −0.588, p=0.0004; 12-month: r= −0.370, p=0.014). Similarly, weight regain was associated with changes in PAEE relative to lean mass (6-month: r= −0.549, p=0.0008; 12-month: r= −0.398, p=0.020) or body weight (6-month: r = −0.614, p=0.0001; 12-month: r= −0.453, p=0.007).
Changes in body weight during follow-up were not related to absolute changes in RMR during intervention (Figures 2a and 2b) , indicating that decreases in RMR were not associated with subsequent weight regain. Weight regain during follow-up was also not associated with changes in RMR per kg lean mass (r=0.010, 0.059 for 6-and 12-months, respectively) or RMR per kg fat mass (r= −0.123, −0.130 for 6-and 12-months, respectively).
The amount of weight regained at the 6-month follow-up was not related to individual changes in self-reported physical activity during the 6-month follow-up (r=0.106, p=0.563). Similarly, weight regained at 12-months was not related to individual changes in self-reported physical activity during the 12-month follow-up (r= −0.198, p=0.293).
In addition, we also calculated PAEE using the same calendar days (PAEE2) before and after the intervention during which RT3 monitors were worn. All women wore the monitors for at least 4 same calendar days: PAEE2 = 2371.5 ± 748.0 kJ/day (2377.4 ± 802.9, 2305.3 ± 645.2, and 2431.9 ± 849.0 kJ/day for DIET, DIET+LO-EX, and DIET+HI-EX groups, respectively) at baseline and 1711.13 ± 543.5 kJ/day (1660.0 ± 576.8, 1584.8 ± 468.1, and 1888.6 ± 581.7 kJ/day for each group, respectively) at the end of intervention. The correlations between weight regain after 6-and 12-month follow-up and PAEE2 changes during intervention were −0.513 (p=0.002) and −0.393 (p=0.024). These results were very similar to calculating PAEE using all days recorded by RT3 monitors, as described above.
DISCUSSION
In this weight loss intervention study, we found that the amount of weight regained during follow-up was associated with the magnitude of change in objectively measured PAEE during weight loss. Specifically, the greater the decrease in PAEE during the 5-months of energy deficit, the greater the weight regain during follow-up. The amount of weight regained was related to the decrease in PAEE even after adjustment for the amount of weight loss during intervention. Conversely, weight regain was not associated with decreases in RMR during the weight loss intervention.
Although it has been suggested that physical activity inversely affects body weight, to our knowledge, no previous study has examined whether a decline in PAEE (either measured objectively or by self-report) during periods of energy deficit is a factor predictive of future weight regain. However, a few studies have examined the effect of changes in self-reported physical activity after a weight loss intervention on weight regain. One study found that increases in physical activity measured by a questionnaire during a 2-year period after a weight loss program was a protective factor, and was among a group of variables related to the amount of weight regain (10) . Another study found less exercise time (sports and other activities) and more television/computer time accompanied weight regain during the 2-year follow-up after a 9-month weight loss intervention in adolescents (20) . Other studies have also shown high levels of self-reported physical activity after weight loss are associated with less weight regain (12, 18) . Also, integration of walking into a weight maintenance program decreased the amount of weight regain 2 years after weight loss compared to controls (6) . These studies point to the importance of physical activity in reduced-weight individuals trying to maintain their weight loss. Our data, however, showed the magnitude of weight regain during follow-up was associated with decreases in an objective measure of physical activity during a period of energy deficit. Interestingly, weight regain was not related to self-reported physical activity during follow-up, possibly due to inconsistencies of self-reported data and the scale's inadequate sensitivity to change over a period of time for this sample of women. Thus, whatever the mediating factor, these results do suggest that maintaining a higher level of physical activity during a weight loss treatment is important for prevention of weight regain.
There are conflicting data regarding whether differences in baseline RMR or changes in RMR with weight loss are predictive of weight change. Ravussin et al. found that Pima Indians with a lower RMR gained more weight over a 4-year period (19) . However, data from the Baltimore Longitudinal Study on Aging showed weight change during a 10-year follow-up was not related to individual RMR (24). Weinsier et al. also found lower RMR after weight loss was not predictive of greater weight regain after 4 years (32). Pasman et al. examined the association between changes in RMR induced during a 2-month low energy diet and weight regain during 14 months of follow-up in obese, premenopausal women (17) . They found that the amount of weight regained was greater in women with a greater decrease in RMR. In contrast, in our study, weight regain was not associated with weight loss-induced changes in absolute RMR, or RMR relative to lean mass or fat mass. The study by Pasman et al. and ours induced a similar amount of weight loss, however, in our study, the weight loss intervention was longer, the decrease in RMR appeared less, and our participants were older.
Our study showed that most of the women experienced a decrease in PAEE and absolute RMR during weight loss, with an average decline on the order of 26% and 7%, respectively. Other studies that have directly measured PAEE or derived non-resting EE from a measure of total EE, have also found that these components of EE decline during negative energy balance induced by exercise training (14) or a hypocaloric diet (1, 11 ,29) . In our study, PAEE decreased in all groups, even when calories expended during exercise sessions were included in total PAEE (changes in PAEE: −444.0 ± 635.6 kJ/day for DIET+EX-LO, −357.2 ± 620.9 kJ/day for DIET+EX-HI, and −498.3 ± 551.9 kJ/day three groups combined). The amount of weight regain after 6-and 12-month follow-up was also related to changes in total PAEE (r = −0.518, p = 0.002; and r = −0.429, p = 0.011, respectively). Therefore, it appears that PAEE outside of the exercise program (i.e. spontaneous physical activity), decreased to a greater level than the increased EE resulting from purposeful exercise as part of the intervention. PAEE relative to lean mass or body weight also decreased, suggesting that the decrease in EE due to daily physical activity was not solely accounted for by a reduced body mass. Furthermore, it is the decrease in PAEE itself, beyond variation in weight loss, that predicts future weight regain, as evidenced by the fact that the amount of weight loss did not affect the relationship between PAEE decrease and weight regain. Additionally, the fact that the DIET+HI-EX group showed a strong association between PAEE decrease and weight regain, suggests that exercise intensity during weight loss intervention may affect the rate of weight regain by altering PAEE.
Likewise, our RMR results confirm other studies that show a decrease in RMR with dietaryinduced weight loss (1, 11 ,32) . However, our data showed that, when adjusted for lean mass, there was no change in RMR, suggesting that the decrease in RMR was accounted for by the loss of lean mass. This is consistent with some studies showing the decrease in RMR after weight loss was not beyond the expected reduction for the amount of lean mass lost (31, 36) .
Mayer and coworkers hypothesized that, in sedentary persons, there is a threshold of physical activity below which leads to obesity (13). Schoeller et al. further examined this threshold hypothesis in women. They found that previously obese women whose physical activity was great enough to increase total EE to RMR ratio (TEE:RMR, or physical activity level) above 1.75 were less likely to regain weight than those less active women (TEE:RMR <1.75) (21, 22) . They subsequently provided a structured exercise program to a subset of these less active women to increase TEE:RMR to 1.75, and their weight gain was stopped for the duration of the program. In a study by Weinsier et al., women who were successful at maintaining lost body weight had a TEE:RMR of around 1.7 before and after weight loss intervention, while those gaining weight had a value of 1.55 and 1.60, before and after the intervention (30) . We calculated TEE:RMR (considering thermic effect of food is approximately 15% of TEE, TEE = [RMR + total PAEE]/85%) at the end of weight loss intervention. The mean TEE:RMR was 1.58 (± 0.12), with 6 of the 33 women having levels greater than 1.70, and only 2 of them greater than 1.75. Since most women regained weight during follow-up, our results appeared to support this threshold hypothesis.
In summary, our study found the magnitude of weight regain during follow-up was associated with decreases in PAEE during weight loss in women, thereby suggesting the importance of maintaining a high level of daily physical activity to mitigate weight regain after weight loss. Given the mean PAEE decreased even when calories expended during prescribed exercise were included, physical activity outside of structured exercise programs may be a more important factor in prevention of weight regain. Therefore, behavioral strategies to minimize this decrease should be integrated into weight loss interventions to help with maintenance of weight loss. a. Relationship between changes in body weight during 6-month follow-up and changes in resting metabolic rate (RMR) during weight loss. For the entire sample, r= 0.039, p= 0.831. For DIET, DIET+LO-EX, and DIET+HI-EX groups, r= −0.14, Spearman ρ= 0.13, 0.14, respectively, p> 0.05 for all. b. Relationship between changes in body weight during 12-month follow-up and changes in resting metabolic rate (RMR) during weight loss. For the entire sample, r= 0.044, p= 0.810. For DIET, DIET+LO-EX, and DIET+HI-EX groups, Spearman ρ= −0.08, 0.36, 0.18, respectively, p> 0.05 for all. Table 1 Body composition, maximum oxygen consumption (VO 2 max), energy expenditure at baseline and end of intervention, and percent changes, by intervention groups. 
